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Sustainable biological control of the chestnut blight fungus Cryphonectria parasitica with hypovirulence depends on the production and dissemination of hypovirus-infected propagules of the pathogen. We investigated the ability of C. parasitica to sporulate and produce hypovirus-infected spores on recently dead chestnut wood in coppice stands in southern Switzerland where hypovirulence has been naturally established. The number and type (active, inactive, or none) of cankers was assessed on experimentally cut and stacked stems, firewood stacks, and natural dead wood. Hypovirus-free and hypovirus-infected strains readily survived for more than 1 year in the chestnut blight cankers of the stacked stems. Sporulation of C. parasitica was observed on the surface of preexisting inactive and active cankers, as well as on newly colonized bark areas and was significantly more abundant than on comparable cankers on living stems. On all types of dead wood, we observed more stromata with perithecia than with pycnidia; however, a large proportion of the stromata was not differentiated. All perithecia examined yielded only hypovirus-free ascospores. The incidence of pycnidia that produced hypovirus-infected conidia ranged from 5% on natural dead wood to 41% on the experimental stacks. The mean virus transmission rate into conidia was 69%. Our study demonstrates a considerable saprophytic activity of C. parasitica on recently dead chestnut wood and supports the hypothesis of a role of this saprophytic phase in the epidemiology of hypovirulence.
Additional keywords: Castanea sativa, Cryphonectria hypovirus, CHV-1, reproductive biology, sexual and asexual reproduction.
Cryphonectria parasitica (Murr.) Barr, the causal agent of chestnut blight encountered susceptible chestnut (Castanea sp.) species following its introduction into North America and Europe (2) . In contrast to North America, where C. parasitica virtually eliminated the American chestnut (Castanea dentata (Marsh.) Borkh.) in its natural range, in Europe the severity of the disease on the European chestnut (Castanea sativa Mill.) gradually has decreased, resulting in the recovery of chestnut populations. This recovery has been attributed to the occurrence of hypovirulence, a viral disease in the pathogen population (for reviews see 2, 16, 21, 24, 28, 30, 33, 39, 46) . Hypovirulence in C. parasitica is caused by double-stranded (ds) RNA viruses of the family Hypoviridae (25) , which reduce virulence and sporulation capacity of infected fungal strains (34, 37) . In Europe to date, only Cryphonectria hypovirus 1 (CHV-1) has been found (1, 20, 43) .
Hypoviruses can be transmitted from infected to noninfected C. parasitica strains via hyphal anastomosis providing the basis for biological control of the disease (4, 47) . Transmission of the hypovirus among fungal strains is limited by a vegetative incompatibility (vic) system involving at least six vic loci (13, 14) . The hypovirus also can be transmitted into asexual conidia (34, 41) , which presumably play an important role for dissemination. By contrast, hypovirus-infected sexual ascospores have never been observed (3, 10) . Consequently, sexual reproduction in C. parasitica is a major obstacle to the dissemination of the hypovirus since it only contributes to the spread of the virulent form of the pathogen. Moreover, sexual reproduction of C. parasitica has the potential to maintain or increase the diversity of vegetative compatibility (vc) types through recombination of vic genes (29) . In Europe, low vc type diversity in subpopulations of C. parasitica is thought to be an important factor in the success of hypovirulence (5, 7, 15, 38) . Milgroom and Cortesi (29) showed that this low diversity is due to a combination of low vic-allele diversity and limited recombination.
Chestnut blight is successfully controlled by hypovirulence in many locations in Europe, either naturally or after biocontrol treatments (24, 30, 38) . How the hypovirus spreads, however, has not been fully explained (26) . Chestnut forests where hypovirulence is widespread are characterized by high disease incidence but low disease severity leaving most chestnut trees with one or more inactive, mostly superficial cankers (7, 30, 38) . Because sporulation of the fungus is rare or absent on inactive cankers (34, D. Rigling and U. Heiniger, unpublished data), their role for the spread of CHV-1 is uncertain. In contrast, abundant sporulation has been noticed on the bark of dead chestnut wood, which apparently has been saprophytically colonized by the fungus (12, 35) . The saprophytic growth of C. parasitica might play a role in the epidemiology of hypovirulence (16, 31, 46) , however, no comprehensive information is available on the activity of the pathogen on dead wood either in Europe or North America. The few studies from the United States mainly have focused on the saprophytic growth of C. parasitica on tree species other than chestnut (6) .
This study addresses the saprophytic role of C. parasitica in the epidemiology of the chestnut blight and particularly in the dissemination of hypovirus. We investigated the growth and sporulation of C. parasitica on dead chestnut stems that were experimentally cut and stacked in the forest. For comparison, sporula-tion of C. parasitica was analyzed on stems that died naturally and stems that were cut and stacked by forest owners for the use as firewood. We specifically considered (i) the extent of growth and sporulation of C. parasitica on dead chestnut stems compared to cankers on living trees; (ii) the frequency of sexual and asexual reproduction on dead chestnut wood; and (iii) the incidence of hypovirus-infected spores.
MATERIALS AND METHODS
Study sites. The study was conducted in the chestnut area of Canton Ticino in southern Switzerland, where chestnut blight was first observed in 1948 and natural hypovirulence is presently widespread (7, 11, 24) . Chestnut forests in Ticino cover about 30,000 ha forming an almost continuous belt at elevations between 200 and 1,000 m. The region has a mild-temperate climate, with a mean annual precipitation of 1,600 to 1,700 mm and a mean annual temperature of about 12°C (44) . About half of the precipitation occurs during the summer (June to September). The 11 study sites that we selected ( Fig. 1) were represented by pure, extensively managed chestnut coppice stands aged from 5 to 50 years. With regard to chestnut blight incidence and severity, these sites can be considered representative of the situation in southern Switzerland, i.e., high incidence but low severity of the disease (7) .
Experimental stacks. Dead wood with and without C. parasitica cankers was produced in five chestnut coppice stands (Fig.  1) . In March 1996, in each site we selected 10 healthy sprouts (i.e., without cankers), 10 sprouts with an inactive canker, and 10 live sprouts with an active canker. Sprouts had a mean diameter at breast height of 8.1 ± 2.6 cm. Morphology of the cankers was used to differentiate canker types. A canker was considered inactive when the infection appeared superficial (i.e., restricted to the outer layer of the bark) sometimes calloused and no signs of an active expansion were visible (i.e., quiescent margins without reddish color). Inactive cankers are known colloquially as healed cankers. By contrast, an active canker was characterized by a reddish necrosis (sunken or superficial) with expanding margins. Representative pictures of the two canker types are shown in Heiniger and Rigling (24) . Five sprouts in each category were cut and five stem segments (i.e., one per sprout) of 1 m length (including the canker where present) were placed side by side across two healthy chestnut stems that were laid on the ground (i.e., cut stem segments were not in contact with the ground). The other 15 living sprouts (five in each category) were marked and used as living controls.
The length of the cankers or bark areas colonized was used to quantify growth of C. parasitica on stacked and on living stems. On the stacked stems, the presence of C. parasitica stromata and associated orange-to red-brown bark discoloration was used to delineate margins of colonization. All cut and live, standing stems were visually checked for the presence of stromata produced by C. parasitica. The abundance of the stromata (sporulation) was estimated using the following scale: 0 = absent, 1 = scarce, 2 = several, and 3 = abundant. Bark samples (2 to 5 cm 2 in area) were removed with a knife from bark areas showing fresh sporulation and brought to the laboratory for further analysis. For each collected bark sample, we noted whether it was taken from a preexisting canker or from newly colonized bark areas.
Cankers as well as healthy stem sections were systematically sampled by removing five bark plugs using a cork borer (5 mm in diameter). In the cankers, one bark plug was removed from the center and four from the margin. In the healthy stems, three bark plugs were removed from one side of the stem (i.e., one at each end and one in the center) and two from the opposite site. The holes produced by the cork borer were closed with mastic (LacBalsam, Scheidler GmbH, Minden, Germany) to avoid unintentional infections.
Canker measurements, assessment of stromata production, and sampling initially were conducted in March 1996 (beginning of the experiment) and then repeated in November 1996 (8 months later) and April 1997 (13 months later). In the second and third sampling, bark plugs from the preexisting cankers and from the healthy stem sections were taken from the March 1996 margins at a distance of approximately 2 cm from the holes produced by the first sampling.
Natural dead wood. In April 1997, at the five sites with experimental stacks, we collected one bark sample with stromata of C. parasitica from each of 20 (if available) standing or fallen chestnut stems that had died because of competition or other abiotic factors.
Firewood stacks. During the winter 1999/2000, at six sites ( Fig. 1 ) chestnut trees were cut by the forest owners for the production of firewood and stacked at the edge of the stands. Traditionally, sprouts are cut into segments and stacked uncovered in the forests for 2 to 3 years, allowing rainfall to wash out the tannins. The individual stacks were composed of 50 to 500 stems and had a volume ranging from 3 to 60 m 3 . The mean diameter of the stacked stems varied between 9 and 28 cm. In March 2001, we collected one bark sample with stromata of C. parasitica from each of 10 different stems in each stack.
Isolation of C. parasitica and characterization of stromata. To isolate C. parasitica, the bark plugs were surface-sterilized and placed on tannic acid malt agar as described previously (27) . To collect conidia, the bark samples with stromata were sprayed for 1 to 2 s with sterile distilled water and placed in a petri plate (diameter 5.5 cm) containing a filter paper moistened with 1 ml of sterile distilled water. The plates were incubated at room temperature under daylight for 4 h to promote the release of the conidial mass (sometimes as spore tendrils) from the mature pycnidia. Thereafter, each individual stroma was assessed under a dissecting microscope for the presence of perithecia, pycnidia, or nondifferentiated stromatal tissue. Perithecia were identified by the presence of their necks protruding from the surface of the yellowish or orange stroma or by their ostioles visible as black raised dots on the surface of the stroma. Stromata were regularly dissected to confirm the presence of perithecia, particularly when perithecial necks were not clearly visible. Pycnidia were identified by the presence of exuding masses of conidia. If neither perithecia nor pycnidia could be identified, the stromatal tissue was considered nondifferentiated. The density of stromata on each bark sample was calculated by dividing the total number of stromata by the area of the bark sample. In order to determine the hypovirus infection status of individual stromata, a small portion of stromatal tissue was transferred onto tannic acid malt agar (36) and the resulting colony evaluated morphologically as described below.
The frequency of hypovirus transmission into the conidia and ascospores was determined as follows. A portion of the conidial mass extruding from individual mature pycnidia was transferred with a sterile toothpick into a 1.5-ml micro tube containing 50 µl of sterile distilled water. After brief vortexing, 10 µl of the conidial suspension was spread on 1.5% water agar and incubated in the dark at 25°C for 36 to 48 h. Single germinating conidia were picked under a dissecting microscope and transferred onto potato dextrose agar (PDA, 39 g liters - 1 ; Difco Laboratories, Detroit). Single ascospore isolates were obtained as described by Rigling (36) . Briefly, single perithecia were dissected from the stromata and crushed in a drop of water. The resulting ascospore suspensions were plated on 1.5% water agar and incubated at 25°C for 18 to 32 h. When single germinating ascospores were observed under a dissecting microscope they were transferred to PDA.
The presence of the hypovirus CHV-1 in each isolate was determined according to culture morphology on PDA (7, 17) . Isolates were grown on PDA plates at 25°C in the dark for 7 days, followed by incubation under day light on the laboratory bench for 5 days. Isolates with yellow-orange pigmentation and abundant sporulation were considered to be hypovirus-free, whereas white isolates with sparse sporulation were classified as hypovirus-infected.
Statistical analysis. Statistical analysis of data was performed with the software program Systat, version 8.0 (Systat, Inc., Evanston, IL). The Wilcoxon signed rank test was used to compare the increments of canker length and stromata production between living and stacked stems. Chi-square tests were conducted to compare frequency of C. parasitica recovery and proportion of white isolates. Logistic regression and Scheffe post-hoc tests were used to test for differences among sites in the incidence of cankers yielding white isolates and the incidence of stems with stromata, as well as to compare the incidence of hypovirusinfected isolates recovered from different stromata types.
RESULTS
Growth and sporulation of C. parasitica. Growth of C. parasitica between March 1996 and November 1996 was greater on the dead (i.e. cut and stacked) stems than on the living stems (Table 1) . This difference was statistically significant (P < 0.05) for cankers that were originally inactive, which on average expanded by 8.2 cm on the dead stems, whereas they virtually did not grow on the living stems. The originally active cankers on average expanded by 8.3 cm on the dead stems compared to 4.8 cm on the living stems, but this difference was statistically not significant. In November 1996, 6 out of 25 stacked stems without cankers showed signs of C. parasitica colonization as indicated by the presence of typical yellowish to orange stromata. Average length of the newly colonized bark areas on these stems was 5.6 cm. By contrast, none of the living stems without cankers showed signs of a C. parasitica infection, neither in November 1996 nor in April 1997.
Regardless of category of stems, C. parasitica produced significantly more stromata on the bark of dead chestnut stems than on living stems (Table 1) . Active cankers already showed a substantial amount of stromata when the stems were cut in March 1996; by April 1997, stromata production had doubled on the dead stems, whereas it had decreased on the living stems. In March 1996, sporulation on inactive cankers was very rare; in November 1996 and April 1997 a significant (P < 0.05) increase in sporulation was observed on the dead stems whereas it remained low on the living stems. In both categories of cankers, stromata on the dead stems were observed on the surface of preexisting cankers as x Canker lengths (mean ± standard deviation). For the dead (cut and stacked) stems, length of the cankers in November 1996 equals the length of the initial cankers in March 1996 plus the length of the newly (saprophytically) colonized areas. For stacked stems without canker, the lengths of the newly (saprophytically) colonized areas are given. y Values within a category of stems and a sampling date followed by an asterisk differ significantly (P < 0.05) between dead and living stems (increment of canker length, Wilcoxon signed rank test; stromata production, Mann-Whitney U-test). z Stromata production (mean estimate ± standard deviation of the plot estimates) on the dead stems and on the living stems was determined using the scale 0 = none, 1 = few, 2 = moderate, and 3 = abundant.
well as on newly colonized bark areas. When sporulation occurred on newly colonized areas, in 84% of the cases it was located adjacent to the preexisting cankers. At all three sampling dates, no significant differences in the incidence of dead stems with stromata were observed among the five sites (data not shown). Survival of C. parasitica and incidence of white isolates. When the experiment commenced in March 1996, C. parasitica was recovered at high frequency from active and inactive cankers ( Table 2 ). In November 1996 and April 1997 (i.e., 8 and 13 months later), the recovery of the pathogen remained high for both canker types on the dead stems. In contrast, on the living stems a significantly lower recovery rate was obtained from originally active cankers in April 1997 and from originally inactive cankers at both resampling dates. Dead stems originally without cankers also yielded more C. parasitica isolates than living stems but the overall frequency was low and the difference was only statistically significant in November 1996.
White isolates of C. parasitica (i.e., hypovirus-infected) were recovered from the cankers on the dead and living stems at all sites and sampling dates with an incidence ranging from 30.6 to 69.7% ( Table 2 ). The incidence of cankers yielding at least one white isolate was higher (55.6 to 91.7%) because five bark plugs were taken from each canker and several cankers yielded both white and orange isolates. From March 1996 to April 1997 no significant changes were observed in the percentage of hypovirusinfected cankers for stems with either canker type. However, the overall incidence of white isolates in originally inactive cankers increased from 41.4 to 69.7% on the dead stems, whereas it slightly decreased on the living stems (Table 2 ). Originally active cankers on both dead and living stems showed a slight increase in the incidence of white isolates over the observation period. Both in November 1996 and in April 1997, only a low percentage (27.3 and 12.5%, respectively) of the isolates recovered from dead stems without cankers were hypovirus-infected. At all sampling dates, there were little differences among the five sites in the incidence of white isolates, with the exception of Copera that yielded significantly fewer white isolates than the other four sites (data not shown).
Characteristics of the stromata. In November 1996 and April 1997, a total of 37 stems that were cut and stacked in the forest showed stromata of C. parasitica on the bark (Table 3 ). The mean number of stromata per square centimeter of colonized bark was 12 in November 1996 and 11 in April 1997. At both sampling dates, the highest density of stromata was observed on the dead stems with an originally inactive canker. Bark samples with stromata were taken from the 37 stems and assessed for the presence of perithecia and pycnidia (i.e., mature pycnidia that released conidia upon wetting). Perithecia were found on all categories of stems, including those originally without cankers in March 1996. In total, the number of stems with perithecia was 18 in November 1997 and 25 in April 1997. Pycnidia were observed on 18 stems in November 1996 and on 20 stems in April 1997. Although the incidence of stems with perithecia and stems with pycnidia was similar, the proportion of perithecia and pycnidia differed considerably. With one exception (inactive cankers in November 1996), the proportion of stromata with perithecia was always higher than that of stromata with pycnidia, the latter never reaching more than 6%. In all categories of stems, however, the majority of individual stromata (mean of 76.3% in November 1996 and of 70.9% in April 1997) contained neither perithecia nor pycnidia and were consequently classified as nondifferentiated. In all five plots, there were little differences between bark samples from preexisting cankers and from newly colonized bark areas in the incidence of the three types of stromata (data not shown).
A total of 56% of the bark samples in November 1996 and of 35% in April 1997 showed only nondifferentiated stromata (data not shown). On the other bark samples, nondifferentiated stromata were commonly observed beside stromata with perithecia and/or pycnidia. About 5% of the bark samples in November 1996 and 9% in April 1997 contained both perithecia and pycnidia. The incidence of white isolates varied greatly among the different stromata types (Table 4) . On average, stromata with perithecia yielded the lowest proportion of white isolates at both sampling dates, followed by stromata with pycnidia and by nondifferentiated stromata.
Since the incidence of white isolates in the cankers at the time of sprout cutting (March 1996) is known, we were able to assess the effect of the hypovirus on the sporulation of C. parasitica on the stacked stems (Fig. 2) . The majority of the cankers that were hypovirus-infected in March 1996 produced no or only nondifferentiated stromata in November 1996. In contrast, perithecia preferentially developed on formerly hypovirus-free cankers.
Comparison of experimental stacks and other types of dead wood. To gain a more general view of the sporulation of C. para- Values within a category of stems and a sampling date followed by an asterisk differ significantly (P < 0.05) between dead and living stems (chi-square test). y Percentage of white (hypovirus-infected) isolates of C. parasitica (weighted mean ± standard deviation of the plot estimates). Percentage of cankers/stems yielding at least one white C. parasitica isolate is given in parenthesis. Only cankers and stems from which C. parasitica could be isolated were considered. z Not applicable because the total number of isolates was too small (one isolate in March 1996 and three isolates in April 1997; all four isolates were white).
sitica on dead chestnut wood, we compared our experimental stacks with stems that died naturally and with stems that were cut and stacked by forest owners for the use as firewood (Fig. 3) . All three types of stromata (i.e., with perithecia, with pycnidia, and nondifferentiated) observed on the experimental stacks also were found on natural dead wood and on firewood stacks (Fig. 3A) . The proportion of stromata with perithecia on the firewood stacks and on natural dead wood (62.7 and 57.9%, respectively) was higher than on the experimental stacks. In contrast, nondifferentiated stromata were more frequent on the experimental stacks. As for the experimental stacks, the proportion of stromata with pycnidia on the two other types of dead wood was low (<7% of the stromata). The incidence of white C. parasitica isolates recovered from stromatal tissue varied greatly among types of dead wood and types of stromata (Fig. 3B) . Unlike the experimental stacks, no significant differences in the proportion of white isolates were observed among stromata types on the firewood stacks and on the natural dead wood. The latter showed a very low proportion of white isolates for all stromata types probably because of frequent infections by virus-free ascospores.
Vertical transmission of hypoviruses. A total of 59 pycnidia from 35 bark samples collected from the experimental stacks in November 1996 and in April 1997 were randomly selected and investigated for transmission of the hypovirus into the conidia (Table 4) . Thirty of these pycnidia yielded an orange (hypovirusfree) and 29 yielded a white (hypovirus-infected) stromatal isolate. All pycnidia from hypovirus-infected stromatal tissue yielded some white single conidial isolates. The mean percent of white isolates among conidia in these pycnidia was 69% (4 to 100%). In contrast, no white isolates were obtained from conidia produced by pycnidia from hypovirus-free stromatal tissue. Since we occasionally recovered white isolates from stromatal tissue that contained perithecia (Table 4 , Fig. 3 ), we also tested for transmission of the hypovirus into ascospores. None of the isolates derived from single ascospores were white whether or not the stromatal tissue was hypovirus-infected (Table 5 ). This confirms that the hypovirus is not transmitted into ascospores (3, 10) .
DISCUSSION
We observed a considerable saprophytic activity and sporulation of C. parasitica on the bark of recently dead chestnut wood. After cutting of chestnut trees the pathogen readily survived in cankers for more than 1 year. In originally inactive cankers, the u Stems originally with active, with inactive, or without cankers were cut and stacked in the forest in March 1996. v Bark samples (mean size of 3.3 ± 2.1 cm 2 ) were taken from different areas of each stem that showed stromata and assessed for the presence of perithecia, pycnidia, and nondifferentiated stromata. w Five stems per category in each of five sites were assessed for sporulation (25 total stems from five sites). Number of positive sites is shown in parentheses. The totals also include stems with only nondifferentiated stromata. Seven stems in November 1996 and nine stems in April 1997 showed neither pycnidia nor perithecia (i.e., only nondifferentiated stromata were observed), whereas nine stems in November 1996 and 14 stems in April 1997 had both pycnidia and perithecia. x Weighted mean ± standard deviation of the plot estimates. y Density of stromata (mean ± standard deviation) on the bark samples. z Total number of stems with stromata and number of bark samples; mean percentage of stromata type and density of stromata. fungus resumed growth resulting in colonization of new bark areas adjacent to the cankers and stromata production. In addition, several stacked stems showed newly colonized bark areas with stromata not associated with the original cankers. In contrast, no resumed growth of inactive cankers or new infections was detected on the living trees during the observation period. These results suggest that in our study area C. parasitica is more likely to colonize the bark of dead chestnut wood than cause new infections on living trees. As a necrotrophic bark pathogen, C. parasitica probably exploits the weakened host defense mechanisms as well as the favorable conditions of the moribund bark substrate after trees are cut. Gao and Shain (18) showed that a decreasing relative turgidity in the bark promoted canker expansion on dormant excised chestnut stems. Water stress could have the same growth promoting effect on the colonization of uninfected bark areas by C. parasitica. The expansion of cankers on the stacked stems has probably occurred through outgrowth of the canker infection. Newly colonized bark not in contact with cankers or on stems without cankers could have been incited either by spores that newly arrive or are already present on the bark surface at the time of cutting or by endophytic mycelium (i.e., latent infections) of C. parasitica (8, 22, 40) . In accordance with these reports, in a few cases we recovered C. parasitica from the bark of apparently healthy living sprouts.
The role of dead chestnut wood in the epidemiology of hypovirulence is not easy to assess from our results. Clearly, sporulation (i.e., incidence of stromata) on the bark of dead wood was significantly more abundant than on the living sprouts. This difference was particularly evident for inactive cankers, which showed a considerable sporulation only on the stacked stems. Both hypovirus-free and hypovirus-infected strains of C. parasitica were able to survive and sporulate on dead wood. The consistently greater abundance of perithecia compared to pycnidia on all types of dead wood points to an advantage for the virulent form of the pathogen. First, perithecia only produce hypovirusfree ascospores, which are dispersed over longer distances than conidia (23) . Second, sexual reproduction can maintain or increase vc type diversity, thereby negatively affecting the spread of hypoviruses within populations (13, 29) . However, in our study the abundance of perithecia might have been partially overestimated because of the impossibility to distinguish mature and empty perithecia without microscopic examinations. Thus, the proportions of stromata with perithecia represent cumulative values of the perithecia formed on dead wood. In contrast, the overall abundance of pycnidia on dead wood may have been underestimated. Pycnidia were considered to be present if they were mature, i.e., released conidia upon wetting. It is possible that many stromata recorded as nondifferentiated contained immature or empty pycnidia.
Our results indicate that recently dead wood can act as a reservoir of hypovirulent inoculum. The incidence of hypovirusinfected isolates increased on the cut stems probably because of both movement of hypovirus in already infected cankers and new viral infections of formerly hypovirus-free cankers. Depending on the type of dead wood, between 5 and 41% (mean 26%) of the stromata with pycnidia were hypovirus-infected. All pycnidia examined from these stromata produced hypovirus-infected conidia with a mean frequency of hypovirus transmission into the conidia of 69%. Based on this transmission rate, we estimate that between 3.4 and 28.1% (mean 18%) of all the conidia produced on various types of dead wood were hypovirus-infected. Considering the infectious nature of hypovirulence, these percentages of hypovirus-infected conidia might be relevant for the dissemination of the hypovirus within a forest stand, particularly when conidia are transported by various vectors (16, 32, 42, 45) . If vectored by fungus-feeding insects such as mites (32, 48) , then stromatal tissue itself, with or without differentiated fruiting bodies, could play a role in the spread of the hypovirus. More research is required to Fig. 2 . Relationship between presence of hypovirus in the cankers on the stacked stems in March 1996 (time of sprout cutting) and the type of Cryphonectria parasitica stromata observed on the surface of these cankers in November 1996. Nondifferentiated stromata contained neither perithecia nor pycnidia. Fig. 3 . Characteristics of Cryphonectria parasitica sporulation on the stems that were experimentally cut and stacked, compared with stems that died naturally and with stems cut and stacked for firewood. A, Proportion of stromata with perithecia, with pycnidia, and without differentiated fruiting bodies (i.e., neither perithecia nor pycnidia were observed). B, Incidence of white C. parasitica isolates recovered from the different stromata types. Error bars represent standard deviations of the plot estimates.
clarify the role of conidia and stromatal hyphae and their possible vectors for the dissemination of the hypovirus.
Hypovirulence is widespread in our study area (7, 11) and, as anticipated from other in vitro and in vivo studies (17, 34, 49) , it has subsequently affected the type of sporulation on dead wood. There was less sporulation and a dominance of nondifferentiated stromata on the cankers that were hypovirus-infected at the time of cutting. Likewise, white isolates were more frequently recovered from nondifferentiated stromata than from stromata with pycnidia or perithecia. In addition, when a low incidence of white isolates was observed (e.g., on the colonized natural dead wood) many perithecia were produced. Presumably, in regions with no or a low incidence of hypovirulence (e.g., in North America), sporulation on dead wood is likely more abundant with a higher incidence of perithecia and/or pycnidia.
In the chestnut forests in southern Switzerland, dead wood is common, either because stands have been abandoned or as a consequence of management interventions (thinning, timber harvesting, and firewood management in coppice forests; pruning in orchards). According to the last National Forest Inventory (1993 to 1995), the amount of dead chestnut wood (considered as volume of stems with diameter at breast height ≥12 cm) represents on average 5% of the standing volume, i.e., about 5 to 10 m 3 ha -1 of dead wood (9) . In old abandoned chestnut coppices, the volume of dead chestnut sprouts (>8 cm in diameter) may reach 10 to 28% (19, F. Giudici and A. Zingg, personal communication) and most sprout mortality has been attributed to competition within sprout clusters (7). Our findings indicate that dead chestnut wood supports the saprophytic activity of C. parasitica for at least 1 or 2 years after death of the stems. The frequent occurrence of dead chestnut wood in southern Switzerland combined with the saprophytic activity of C. parasitica we report suggests that recently dead wood can contribute to the observed biological control of chestnut blight in this region. Recently dead chestnut wood probably also contributes to the dissemination of the hypovirus in other European populations of C. parasitica where hypovirulence is now widespread (e.g., Italy and regions of France).
As our study shows, the hypovirus survives and spreads in preexisting cankers on recently dead chestnut wood. In addition, the bark of dead wood is a favorable substrate for saprophytic colonization and asexual sporulation of hypovirus-infected strains. In contrast, on living trees sporulation is rare and generally limited to hypovirus-free strains (17, 34) . The numerous inactive cankers observed on living trees may represent a kind of latent stage in the epidemiology of the hypovirus until the trees die, either naturally or after management interventions, allowing the hypovirus-infected canker isolate to grow saprophytically and produce hypovirus-infected conidia. Therapeutic treatments of individual cankers, although mostly successful in controlling canker expansion, may also only little contribute to the spread of the hypovirus. The saprophytic activity of hypovirus-infected C. parasitica strains has the potential to improve biological control of chestnut blight, particularly in areas where control efforts have failed because of limited dissemination of the hypovirus (30) . For example, traditional canker treatments could be accompanied by depositing segments of chestnut wood inoculated with hypovirusinfected C. parasitica strains in the stands. In addition, a certain number of stems with inactive cankers could periodically be cut and stacked to allow sporulation of hypovirus-infected C. parasitica strains. The same approach would theoretically apply for stems with active cankers after canker treatment and conversion. However, additional experimental evidence is needed to establish the epidemiological relationship between the occurrence of the saprophytic activity of hypovirus-infected C. parasitica and the success of hypovirulence. 
